Various balancing topology and control methods have been proposed for the inconsistency problem of battery packs. However, these strategies only focus on a single objective, ignore the mutual interaction among various factors and are only based on the external performance of the battery pack inconsistency, such as voltage balancing and state of charge (SOC) balancing. To solve these problems, multi-objective predictive balancing control (MOPBC) based on predictive current is proposed in this paper, namely, in the driving process of an electric vehicle, using predictive control to predict the battery pack output current the next time. Based on this information, the impact of the battery pack temperature caused by the output current can be obtained. Then, the influence is added to the battery pack balancing control, which makes the present degradation, temperature, and SOC imbalance achieve balance automatically due to the change of the output current the next moment. According to MOPBC, the simulation model of the balancing circuit is built with four cells in Matlab/Simulink. The simulation results show that MOPBC is not only better than the other traditional balancing control strategies but also reduces the energy loss in the balancing process.
Introduction
Currently, due to the continuous deterioration of air quality and the lack of oil resources, new electric vehicles with low emission and low fuel consumption have become the focus of major automobile companies [1] . The battery pack, as a critical component of electric vehicles, has a significant impact on dynamic performance, economy, and safety.
Because single cells have limited capacity and relatively low voltage, battery packs are generally composed of a plurality of single cells in series and parallel compositions to meet the requirements of electric vehicles. As a result, due to the inevitable inconsistency problem in the application of the same type of cell, the life of a battery pack is seriously affected, and overcharge and over-discharge phenomena are caused [2] . To reduce the battery pack inconsistency, to prolong the life of battery pack, to improve the overall performance of the battery pack, and to ensure the safety and reliability of the battery pack, balancing control needs to be adopted. Although there are many balancing control methods for battery packs, they ignore the degradation and temperature conditions of the battery pack, causing differences between cells to increase [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . To solve this problem, the multi-objective predictive balancing control (MOPBC) of battery packs based on predictive current is proposed. The working principle is to make the inconsistency of battery packs under different driving conditions automatically tend to be consistent in the forecast period, on the condition that the required output current of the battery pack has been obtained, combined with multi-objective balancing control to achieve degradation balancing, state of charge (SOC) balancing, and temperature balancing simultaneously. Due to the different internal resistance of each cell, the heat generated will be different, and different temperatures will cause different degradation rates of each cell. Finally, the differences between each cell will gradually increase. In the case that the future output current of the battery pack has been predicted, the temperature and ageing differences between each cell can be obtained, and the differences can be added into the present multi-objective balancing control. Then, the present differences of the SOC, temperature, and degradation rate in the forecast period can be compensated, making the battery pack reach a balance. The proposed MOPBC effectively achieves battery pack balancing and prolongs the life of a battery pack but also reduces the energy loss in the process of balancing through reducing the required balancing times and balancing current. To verify the effectiveness and superiority of the proposed MOPBC, a simulation model of the balancing circuit is built in Matlab/Simulink (Natick, MA, USA) with four cells. The simulation results show that the proposed control strategy utilizes the future output current changes effectively and makes the control effect better than other balancing controls.
The rest of this paper is organized as follows. In Section 2, the predictive current control is introduced. Section 3 analyzes the causes of inconsistency of the battery pack and balancing method. The battery model and the derivation process of the formulas of MOPBC are introduced in Section 4. In Section 5, by comparing with non-balancing, SOC balancing and multi-objective balancing, the effectiveness and reasonableness of the proposed control strategy are demonstrated. Finally, the conclusions are summarized in Section 6.
Predictive Current Control
The output current change of the battery pack is a continuous process in the driving process of an electric vehicle, so the changing direction of the output current curve can be predicted by analyzing the changing trend of the output current. The principle is as follows: supposing the battery pack output current is I p2 at time (k´2)t, the battery pack output current is I p1 at time (k´1)t, and the battery pack output current is I c at the time kt, thus at the next time, namely at time (k + 1)t, the battery pack output current I l is:
To further improve the prediction accuracy, we can increase the number of known currents or reduce the prediction time interval.
Compared with conventional control strategies, due to adding the predictive control, the predictive balancing control of the battery pack not only considers the present electric vehicle driving requirements and state information but also includes the change information of the future current.
Balancing Control Strategy

The Analysis of Battery Pack Inconsistency
There are two substantial and inevitable reasons for battery pack inconsistency, namely, manufacturing technology and degradation rate. In the manufacturing process, technical and material differences cause variation in batches of cells belonging to the same type with respect to capacity, internal resistance, and some other parameters. When there are capacity differences in the charging process, cells of small capacity will be fully charged first, while the battery pack charging process is not finished, and then the overcharging phenomenon will occur. In the discharging process, most of the Energies 2016, 9, 298 3 of 12 cells are still in a shallow discharging condition, but cells of small capacity have already been in a deep discharging condition, leading to over-discharging. When there are internal resistance differences, the generated heat and the discharging depth of the cells will be different. In turn, these differences will also affect the internal resistance. With the discharging depth of cells continuing to deepen, the higher the temperature is, the smaller the internal resistance is, and the lower the temperature is, the larger the internal resistance is. A cell with local high temperature will decay faster than other cells. Long-running will damage the consistency of the battery pack, leading to a decline of the battery performance and shortening the life [15] . The coupling relationship between these internal and external factors that affect battery pack inconsistency is shown in Figure 1 . In summary, the original inconsistency problem between the same type of cells, combined with the cell charging and discharging rate, depth of discharging, ambient temperature, and other external factors, will lead to cell degradation at different rates. Finally, as the differences between cells are increase, the battery pack fails prematurely.
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Battery Pack Balancing Method
Due to the differences between cells caused by the manufacturing process, battery pack consistency is enhanced by improving the technological level before the cells leave the factory, as well as by classifying the cells that are going to b e gathered in the same group [16] . However, initial performance differences of cells existing in the battery pack application and can only be diminished. Although single-cell technology has made major breakthroughs and its performance has improved significantly, ensuring the consistency of the initial performance of cells, the battery pack will also produce differences because of the working conditions and the environment. The key factor affecting the life of the battery pack is to maintain consistency, not the initial differences of the cells. Therefore, to further improve the consistency of the battery pack during the working process, it is necessary to use balancing control.
Several balancing control strategies have been proposed, such as voltage balancin g, SOC balancing, and capacity balancing.
Voltage Balancing
Voltage balancing depends on the voltage of each cell or the average voltage for the balancing operation, making the voltage of each cell consistent by charging and discharging with a balan cing circuit. Although voltage balancing can solve the problem of voltage imbalance of the battery pack, battery pack performance cannot be evaluated only by its voltage level. When a cell of low capacity is in charging or after it finishes charging, its t erminal voltage may be higher than other cells. If this balancing method is used, the balancing result is that cells of low capacity add energy to cells of high capacity, which increases the capacity differences between each cell in the battery pack.
SOC Balancing
SOC balancing adjusts the cell charging and discharging rates based only on the SOC of each cell or their average value, which will only solve the problem of performance degradation for cells 
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SOC Balancing
SOC balancing adjusts the cell charging and discharging rates based only on the SOC of each cell or their average value, which will only solve the problem of performance degradation for cells with larger capacity in the battery pack due to insufficient charging. However, SOC balancing cannot reduce or eliminate the differences between the actual capacities of each cell [17] .
MOPBC
These control methods only focus on a single objective, without considering the mutual influence among various factors, and are only based on external performance parameters, which is not sufficient, and the function of the balancing circuit is also more than these factors. To solve the above problems, this paper selects SOC, temperature, and degradation rate as the balancing control objectives from the internal and external factors affecting the inconsistency of battery packs. First, SOC balancing can make the most of battery pack performance. Moreover, temperature balancing and degradation rate balancing can prolong the battery pack life and further avoid producing inconsistency in the battery pack. In the balancing process, because the current has been obtained by predictive current control in the forecast period, we can calculate the future heat differences according to the different internal resistance of each cell. These heat differences are used as the present temperature compensation, which means there is no need to the address present temperature imbalance or to balance part of it, and the rest is compensated by the heat generated in the forecast period. Finally, the control strategy accomplishes multi-objective balancing, improves the consistency of the battery pack, and prolongs battery pack life.
Battery Pack Balancing Control Modelling
To verify the validity and feasibility of the proposed strategy, the battery model is established according to the coupling relationship between the internal and external factors of cells. The model contains four modules. They are battery parameters, degradation, temperature, and SOC, respectively.
Battery Parameters Module
Several battery equivalent circuit models have been proposed, including the Rint model, Thevenin model, RQ model (It is composed of resistance R and constant phase angle element Q), DP (Double Polarization) model, and PNGV (partnership for a new generation of vehicles) model. The PNGV model is a low order model, but compared with the Thevenin model and Rint model, it has a higher accuracy and can better describe the transient response process of the battery [7, 18] . Compared with DP, RQ, and other higher order circuit models, PNGV has the characteristics of a simple model and easy parameter identification. In this article, a PNGV model is established according to the parameter look-up table method, as shown in Figure 2 .
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SOC Module
The ampere-hour counting method is a relatively common, simple, and reliable method for estimating the SOC. When the discharge current is positive and the charging current is negative, the calculation formula can be expressed as: 
The ampere-hour counting method is a relatively common, simple, and reliable method for estimating the SOC. When the discharge current is positive and the charging current is negative, the calculation formula can be expressed as:
where SOC init is the initial value of SOC, C E is the battery capacity, and η is the coulomb efficiency.
Temperature Module
As mentioned in [18] , battery temperature change is determined by the heat generated by the internal resistance and heat exchange with the ambient environment. The heat conservation equation can be written as follows:
where m is the battery mass, c p is the specific heat of the cell, T a is the ambient temperature, h c is the battery heat transfer coefficient, R is the battery internal resistance, and S is the battery external surface area.
Degradation Module
According to the accelerated degradation experimental data, based on the mechanism of the temperature T effect on battery degradation, we can determine the degradation rate ε c [19] :
Considering small changes of the degradation rate dε c , we can obtain the differential Equation (5):
According to the relationship between the degradation rate and the impedance decay rate ε r , we can obtain Formula (6): ε r " 2.21ε 
MOPBC
To achieve better balancing control, a balancing circuit with perfect performance is essential. Several balancing topologies have been proposed. Based on the comparison of the various topologies in [3] , the topology of active equalization is chosen in this paper, as shown in Figure 3 , to perform the balancing control strategy verification. The circuit only requires one inductor; can balance bi-directionally due to each cell having its own charging and discharging circuit; and has the advantages of high-speed balancing, low cost, and small size.
In the balancing model constructed according to Figure 3 , input parameters are the initial battery SOC, capacity and battery pack output current, the output is a switch combination option of the balancing circuit in the charge state, discharge state, or suspended state. N sections of cells denoted as B 1 , B 2 ,¨¨¨¨¨¨,B n , compose a battery pack. The corresponding battery degradation rate is denoted as ε c1 ,, ε c2 ,¨¨¨¨¨¨, ε cn . The minimum value is denoted as ε cmin . SOC is denoted as p 1 , p 2 ,¨¨¨¨¨¨, p n . The minimum value is denoted as p min . Temperature at the present time is denoted as T 1 , T 2 ,¨¨¨¨¨¨, T n . The minimum value is denoted as T min . Using the formula P = I 2 R and current prediction, the heat generated at time (k + 1)t can be obtained and is denoted as f 1 , f 2 ,¨¨¨¨¨¨, f n . The minimum value is Energies 2016, 9, 298 6 of 12 denoted as f min . Equations (7)- (10), respectively, describe the imbalance degree of the degradation rate, SOC, temperature, and future heat of each cell.
where i = 1, 2,¨¨¨¨¨¨n. D pε ci q , D pp i q, D pT i q, and D p f i q form an n-dimensional vector X closely related to the current. Therefore, the battery pack balancing problem will be transformed into a certain calculation of vector X, which makes the initial state vector X be transformed to the target state vector. Under certain constraint conditions, the target state vector obtains the required value by finding an optimal path. The optimal path determines the transfer of the balancing current from one cell to another.
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where sign i = 1 means that cell B i provides balancing energy, i.e., controlling the switch to conduct battery discharge circuit of B i to the charge inductor in Figure 5 ; sign i = 0 means that cell B i does not perform other processing; sign i =´1 means that cell B i absorbs balancing energy, which controls the switch to conduct the battery charging circuit of B i to make the inductor charge the cell. To guarantee that the inductor current in a switch cycle can drop to zero, considering the safety margin, the inductor needs to work in DCM (discontinuous conduction mode). The inductor current expression is as follows:
where L is the inductance value, i L is the inductor current, D s is the switch duty ratio, T s is the switch cycle, T z is the moment the inductive current drops to zero, ř V is is the sum of voltages of the cells that provide balancing energy, and ř V ir is the sum of voltages of the cells that absorb balancing energy. Because T s is larger than T z , when t = T s :
That is:
The Analysis of the Simulation Results
To validate the balancing effect of the proposed control strategy, four sections of a lithium battery in series are selected. The simulation parameters of the battery pack are shown in Table 1 . The output current of the battery pack is the input of the simulation. Table 2 shows the results of various methods at the final moment. The ∆max column represents the difference between the maximum and the minimum value. ∆ave column indicates the average value.
From the ∆max comparison (0.0778 and 0.0011) of SOC between non-balancing and SOC balancing control, it can be observed that SOC is consistent and the ∆max of SOC is reduced to a negligible degree after adding SOC balancing control. However, from the ∆ave comparison (0.4218 and 0.3791) of SOC, it can be observed that the capacity consumption of each cell has increased because the effects of temperature and degradation on the battery are not considered in the balancing process. Merely pursuing SOC balancing will make B 4 also provide balancing current. When the current flowing through B 4 increases because of its internal resistance of 1.5 mΩ, as shown in Table 1 , it is the biggest and according to P = I 2 R, it will generate more heat, making the temperature increase faster compared with other cells. The higher the temperature is, the faster the battery degradation rate is, resulting in an increase of internal resistance. After the internal resistance increases, the battery capacity consumption increases more and the SOC decreases more rapidly. However, to balance SOC, other cells need to provide more balancing current, generating more heat, which also leads to a larger ∆ave (372.748 K and 0.2407) of the temperature and the degradation rate. From the results comparison between multi-objective balancing and the former two control strategies, it can be observed that to ensure the whole cell performance in the multi-objective balancing control, the other cells provide more balancing current to B 4 and reduce the situation that B 4 outputs balancing current, so B 1 (0.3330), B 2 (0.3510), and B 3 (0.3740) consume more energy and the ∆ave (0.3669) of SOC decreases slightly. Moreover, the consumed energy of B 4 (0.4097) decreases greatly, so ∆max (0.0767) of SOC does not change. However, from the temperature (378.822 K) and degradation rate (0.2454) of B 4 , it can be observed that the maximum temperature and degradation rate in the whole cell are reduced, which prolongs the battery pack life and greatly improves the consistency of the temperature and degradation rate. From here, we can see that making a trade-off in the SOC balancing achieves balancing and improvement of the temperature and degradation rate. Thus, to a certain extent, SOC balancing, temperature balancing, and degradation balancing are achieved simultaneously.
Finally, from the results comparison between MOPBC and the former three control strategies, it can be observed that MOPBC balances the present temperature by using the coming heat difference generated in the forecast period, which greatly reduces energy consumption and the situation that each cell provides balancing current, and the ∆ave (0.4272) of SOC is increased. Although making a trade-off in the SOC balancing does not decrease the ∆max (0.0915) of SOC, it greatly reduces the maximum temperature (376.182 K) and degradation rate (0.2265) and their ∆ave (366.646 K and 0.2066) compared with other balancing methods. Therefore, MOPBC reduces the energy consumption in the balancing process, greatly improves the battery pack performance, and further prolongs the battery pack life.
Conclusions
On the condition that the required output current of the battery pack has been obtained by predictive current control, the proposed MOPBC of a battery pack based on the predictive current in this paper makes the inconsistency of the battery pack under different driving conditions automatically tend to be consistent in the forecast period, combined with multi-objective balancing control that achieves degradation balancing, SOC balancing, and temperature balancing simultaneously. This method achieves battery pack balancing, prolongs the life of the battery pack, and reduces the energy loss in the balancing process. The simulation results show that this control strategy effectively utilizes the future output current changes and improves the control effect compared to SOC balancing and multi-objective balancing control. The discussions and results indicated that the proposed method is effective and feasible.
